In this paper a new spatial images procedure has been applied to the analysis of microstrip to circular waveguide transitions. The numerical technique is based on the utilization of stratified image rings, where the weights and orientations of either discrete charges or dipole images are determined. This is accomplished by enforcing the scalar and vector potentials boundary conditions on the cavity walls. The results obtained with the new Green's functions have been compared to those given by a standard integral equation method based on the free space Green's functions, and a finite elements implementation. Good agreement is shown between the different techniques, thus demonstrating the usefulness of the new approach.
Introduction
In this contribution, a new numerical procedure, based on the IE method, is used for the analysis of microstrip to circular waveguide transitions [1] . The technique makes use, for the first time, of discrete spatial images for the evaluation of the circular cavity Green's functions. The Green's functions are, therefore, entirely formulated in the space domain. One of the advantages of formulating the Green's functions in the space domain, is that the exact same formulation remains valid if one replaces the simple free space Green's function of a unit dipole image, with another more elaborated spatial domain Green's function. One possibility, for instance, is to use the multilayered media Green's functions formulated as Sommerfeld integrals in the space domain [2] . In this case it is very simple to automatically take into account for dielectric substrates inside the circular cavity, or even for the top and bottom covers of a circular cavity.
The practical use of the technique applied to the analysis of circular waveguides to microstrip transitions is explored in this paper. A novel feature is the application of the technique when the input and output ports are separated a large distance. Results obtained with the new technique are validated by comparing them with those obtained with a finite element technique, and with a standard IE implementation using the free space Green's function (and consequently discretiz-ing the whole cavity walls). Very good agreement is obtained between the three techniques, thus validating the novel approach as useful numerical technique.
Theory
The basic technique [3] uses the free space Green's function to impose the boundary condition for the potentials at discrete points on the lateral cavity walls. Two system of linear equations are solved to find the weights and orientations of both charges and dipoles images, which are needed to fulfill the required boundary conditions. The same procedure can be used to include layers in the structure [1] , or the top and bottom covers of a circular cavity. This is easily achieved by substituting the free space Green's functions by the multilayered media Green's functions formulated in the space domain through Sommerfeld integrals [2] .
In the original work [1, 3] , the source and observation points used in the calculation of the Green's functions were located at the same cross section. This is because only planar circuits were used with small cavity heights. In this paper the technique is extended to investigate circular waveguide to microstrip transitions, containing two ports with a separation of few wavelengths (from AO to 2 Ao). In this case the coupling between the two ports need to be computed. Therefore, the Green's functions need to be evaluated for source and observation points located at different cross section planes. Also, since the height of the cavity is large, the boundary conditions need to be imposed along the longitudinal axis of the waveguide. This is accomplished by using several rings of images along this axis. This is a new feature of the technique not explored before.
In Fig. 1(a) , we present a typical situation suitable for the analysis of a structure containing two different metalization levels. A similar situation is used in the analysis of a circular waveguide to microstrip transition, where the input and output ports are placed at two different cross sections. In this case at least two rings of images are needed, one at each interface where the ports are located. As shown in Fig. l(a) , the boundary conditions are imposed at discrete points on each one of the two cross sections. Furthermore, if the distance between the two ports is large, the same idea can be generalized, and more intermediate rings of images need to be considered for the sake of accuracy.
Results
The technique described in the previous section has been implemented in order to study circular waveguide to microstrip transitions (see Fig. 1(a) ). Instead of using the free space Green's functions, the described procedure has been applied with the space domain multilayered media Green's functions. In this way it is simple to take into account for the top and bottom covers of a closed circular cavity. With this technique, then, the computed Green's functions contain all the information relative to the cavity and to the top and bottom covers. Consequently, only the microstrip ports used to couple the energy to the cavity need to be discretized as part of the numerical solution of the Integral Equation.
Therefore, low number of unknowns leading to very reduced sized matrices are obtained, as compared with other techniques such as finite elements, or even the Integral Equation employing the free space Green's functions. The first structure investigated in the paper is a circular waveguide to microstrip transition of electrical length equal to one wavelength (h = Ao). Details of the geometry are included in Fig. l(a) . Results (Fig. 1(a) ). Fig. l(b) shows on the same graph the results obtained with the three approaches. Very good agreement is observed between all results, in spite of using numerical techniques which are intrinsically very different. For this structure, if more rings of images are included in the new Green's functions, essentially the same results are obtained, therefore indicating that convergence has been reached with only two rings. To further validate the technique, we have analyzed the rejection for cross polarization of this structure. In this case the output port is placed at ninety degrees in orientation with respect the input port. For the rest the structure is the same as the one shown in Fig. l(a) . In Fig. 2(a) we present the results obtained with the three techniques previously described. Again good agreement is observed in this case. In particular, we can also measure a rejection of about -12dB up to 17GHz. Then, the rejection is spoilt due to the excitation of higher order modes as previously noticed.
The final example investigated is a similar transition as before, but with an electrical height of two wavelengths (h = 2 Ao). In figure Fig. 2(b shown that at least one ring of images is needed per (Ao/4) along the height of the cavity to achieve enough accuracy.
Conclusions
In this paper we have used a new formulation of the circular cavity Green's functions for the analysis of circular waveguide to microstrip transitions. The Green's functions are entirely formulated in the space domain, by using a finite series of spatial images. In this way the computation of Bessel functions of classical spectral domain formulations are avoided. Novel features of the technique have been presented in this paper, including the imposition of the boundary conditions along the cavity height. This is accomplished by using several rings of images. The results are compared with a Finite Elements technique and with other Integral Equation approach, showing good agreement. These results validate the novel Green's functions as a useful tool in the analysis and design of devices based on circular cavities or enclosures.
